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Abstract 26 

We use 3-D cloud-resolving model (CRM) simulations of two mesoscale convective systems at 27 

mid-latitudes and a simple statistical ensemble method to diagnose the scale dependency of 28 

convective momentum transport (CMT) and CMT-related properties, and evaluate a 29 

parameterization scheme for convection-induced pressure gradient (CIPG) developed by Gregory 30 

et al. (GKI97). GKI97 relates CIPG to a constant coefficient multiplied by mass flux and vertical 31 

mean wind shear. CRM results show that mass fluxes and CMT exhibit strong scale dependency 32 

in temporal evolution and vertical structure. The prevalent understandings of CMT characteristics 33 

in terms of upgradient/downgradient transport are applicable to updrafts but not downdrafts across 34 

a wide range of grid spacings (4-512 km). For the small-to-median grid spacings (4~64 km), 35 

GKI97 reproduces some aspects of CIPG scale dependency except for underestimating the 36 

variations of CIPG as grid spacing decreases. However, for large grid spacings (128~512 km), 37 

GKI97 might even less adequately parameterize CIPG because it omits the contribution from either 38 

the nonlinear shear or buoyancy forcings. Further diagnosis of CRM results suggests that inclusion 39 

of nonlinear shear forcing in GKI97 is needed for the large grid spacings, and use of the three-40 

updraft and one downdraft approach proposed in an earlier study may help a modified GKI97 41 

capture more variations of CIPG as grid spacing decreases for the small-to-median grid spacings. 42 

Further, the optimal coefficients used in GKI97 seems insensitive to grid spacings, but they might 43 

be different for updrafts and downdrafts, for different MCS types, and for zonal and meridional 44 

components. 45 

  46 
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1. Introduction 47 

 Convective momentum transport (CMT), which refers to transport of horizontal 48 

momentum in the vertical direction by cumulus clouds, occurs mostly in the troposphere and has 49 

been demonstrated to have an essential impact on global atmospheric circulations and climate in 50 

both observational and numerical studies (e.g., Houze 1973; LeMone 1983; Helfand 1979; Zhang 51 

and McFarlane 1995; Song et al. 2008; Richter and Rasch 2008; Majda and Stechmann, 2008, 52 

2009, 2016; Khouider et al. 2012a, b; Shaw and Lane 2013; Land and Moncrieff 2010; Moncrieff 53 

and Liu 2006). However, it is a challenging task to fully understand CMT and parameterize it 54 

because (1) CMT cannot be directly measured on a global scale, and instead is estimated as a 55 

residual from the small imbalance between the large-scale horizontal pressure gradient force (PGF) 56 

and the Coriolis force from intensive field experiments (Sui and Yanai 1986; Wu and Yanai 1994; 57 

Tung and Yanai 2002a, b), (2) CMT is not a conserved variable and comprises two horizontal 58 

components that can behave differently for different mesoscale convective systems (MCSs) (Asai 59 

1970; LeMone 1983; LeMone and Jorgensen 1991; Wu and Arakawa 2014), and (3) CMT has 60 

multiscale features ranging from cloud clusters on mesoscale to convectively coupled equatorial 61 

waves (CCW) on equatorial synoptic scales (Majda and Stechmann 2009; Khouider et al. 2012a, 62 

b).  63 

Most observational data and theoretical studies suggest that CMT is often downgradient in 64 

non-linear MCSs, and can be either upgradient or downgradient for linear MCSs (Moncrieff and 65 

Green 1972; LeMone et al. 1984; Moncrieff 1992; Grabowski and Moncrieff 2001; Khouider et 66 

al. 2012b; Majda and Stechmann 2009). For non-linear MCSs, such as mesoscale convective 67 

complex (MCC), Sui and Yanai (1986) and Tollerud and Esbensen (1983) utilized data from Phase 68 

III of Global Atmospheric Research Program (GARP) Atlantic Tropical Experiment (GATE) and 69 
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discovered that non-linear MCSs tend to decelerate the large-scale flow in the upper troposphere 70 

as well as reduce the vertical wind shear in the lower troposphere. Therefore, CMT is downgradient 71 

with respect to mean wind shear. Wu and Yanai (1994) found that CMT is downgradient in the 72 

upper troposphere for MCC using observation data from the Oklahoma-Kansas Preliminary 73 

Regional Experiment for STORM-Central (OK PRE-STORM) and Atmospheric Variability 74 

Experiment-Severe Environmental Storms and Mesoscale Experiment (SESAME).  75 

For linear MCSs, Asai (1970), LeMone (1983), Gallus and Johnson (1992), and Wu and 76 

Yanai (1994) have consistently shown that the line-parallel component of CMT is downgradient, 77 

but the line-normal component of CMT is upgradient. LeMone and Jorgensen (1991) reported that 78 

for cloud systems during the Taiwan Area Mesoscale Experiment, the line-normal component of 79 

CMT is downgradient in the lower troposphere but becomes upgradient in the upper troposphere. 80 

Zhang and Wu (2003) used 2-D cloud-resolving model (CRM) to study the CMT of tropical 81 

convection observed during the Tropical Ocean and Global Atmosphere Coupled Ocean-82 

Atmosphere Response Experiment Intensive Observation Period, and they pointed out that the 83 

CMT in the easterly wind regime is downgradient, but CMT in the westerly wind burst is 84 

upgradient. Houze et al. (2000) uses Doppler radar data collected by aircraft and ship and found 85 

that CMT was downgradient within the westerly onset region and was upgradient within the 86 

westerly wind burst. Khouder at al. (2012b) employed a multicloud model and suggested that CMT 87 

associated with convectively coupled wave (CCW) in front of the Madden-Julian Oscillation (MJO) 88 

is downgradient, while the CMT associated the squall lines east of the convection core is 89 

upgradient.  90 

Many studies have attempted to parameterize the effect of CMT in general circulation 91 

models (GCMs) (e.g., Schneider and Lindzen 1976, hereafter SL76; Zhang and McFarlane 1995; 92 
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Gregory et al. 1997, hereafter GKI97). Despite the complexity of CMT, this effect is often 93 

formulated in a grossly simplified way. In the early years of CMT parameterization development, 94 

CMT was parameterized in a simplified form by assuming that in-cloud horizontal momentum 95 

depends only on lateral detrainment and entrainment rates (Ooyama 1971; SL76). However, since 96 

LeMone (1983) and LeMone et al. (1984) demonstrated that in-cloud horizontal momentum can 97 

also be strongly influenced by the convection-induced pressure gradient (CIPG) using 98 

observational data from field experiments, many studies attempted to include the effects of CIPG 99 

on in-cloud momentum in their CMT parameterization schemes (Zhang and Cho 1991a, b, 100 

hereafter ZC91; Wu and Yanai 1994; GKI97). To include the CIPG effect in the CMT 101 

parameterization, ZC91 parameterized CIPG in terms of cloud-scale circulation and the interaction 102 

between convective updrafts/downdrafts and vertical mean wind shear. Wu and Yanai (1994) and 103 

GKI97 represented the CIPG by assuming that it is proportional to the product of cloud mass flux 104 

and vertical mean wind shear. Cheng and Xu (2014) parameterized the CIPG effect by using a 105 

multiscale modeling framework (MMF), which is also known as superparameterization 106 

(Khairoutdinov and Randall 2001). MMF consists of a 2-D CRM embedded in each grid column 107 

of GCM, which can explicitly treat cloud-scale processes. The embedded CRM in the MMF 108 

provides vertical transport of momentum in one horizontal direction, while in the other direction 109 

the vertical momentum transport is assumed to be proportional to the vertical mass flux diagnosed 110 

from the CRM in addition to the effects of entrainment and detrainment. In order to represent both 111 

upgradient and downgradient vertical momentum transports, the orientation of the 2-D CRM varies 112 

with time, which is determined by the stratification of the lower troposphere and environmental 113 

wind shear. Tulich (2015) also developed a similar CMT parameterization scheme as Cheng and 114 

Xu (2014) for the WRF model, which is referred to as the superparameterized version of the 115 



6 
 

Weather Research and Forecast model (SP-WRF). The SP-WRF can directly calculate the CIPG 116 

and CMT by using information obtained from a 2-D CRM with periodic lateral boundary.  117 

Different from the aforementioned mixing-entrainment CMT parametrization schemes, 118 

Moncrieff (1981, 1992) parameterize the CMT effects by specifically considering the entire 119 

cumulus clouds and associated mesoscale circulation. They used analytical models to represent 120 

major flow patterns of squall lines, which allowed their parameterization scheme to capture the 121 

upgradient and downgradient features of CMT (LeMone and Moncrieff 1994). However, this 122 

analytical model requires several parameters such as the depth of the cloud and the detailed 123 

mesoscale flow pattern, which are not available in most of the general circulation models (GCMs). 124 

This limits the applicability of this scheme in conventional GCMs with parameterized physical 125 

processes.  126 

One of the disadvantages of typical mixing-entrainment CMT parameterization schemes 127 

(i.e., SL76, GKI97, and ZC91) is requiring expensive computation resource. To provide cheaper 128 

alternatives, many studies have proposed different methods to parameterize CMT effects (Majda 129 

and Stechmann, 2008, 2009, 2016; Khouider et al. 2012a, b). Majda and Stechmann (2008, 2009) 130 

developed a simple stochastic model based on weak temperature gradient (WTG) approximation 131 

as well as a simple dynamic model, both of which are able to capture the important feature of CMT, 132 

including both upgradient and downgradient transport of CMT. Khouider et al. (2012a) developed 133 

an even simpler model to handle the upgradient and downgradient feature of CMT by using a 134 

similar approach to Majda and Stechmann (2008) but replaced the stochastic process with a simple 135 

exponential distribution function.    136 

Using CMT parameterizations in GCMs has greatly improved the simulations and 137 

forecasting of large-scale circulations. For example, Helfand (1979) found an enhanced winter 138 
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Hadley circulation and more realistic simulated meridional winds when using a simple SL97 CMT 139 

scheme in the Goddard Laboratory for Atmospheric Sciences (GLAS) GCM model. Zhang and 140 

McFarlane (1995) obtained similar result to Helfand (1979) when including the ZC91 CMT 141 

parameterization in the Canadian Climate Centre model. Wu et al. (2003) successfully captured 142 

the seasonal migration of the Intertropical convergence zone (ITCZ) precipitation when the ZC91 143 

CMT scheme was included in the National Center for Atmospheric Research Community Climate 144 

Model (CCM), version 3. Cheng and Xu (2014) showed that the stationary anomalous precipitation 145 

can be reduced and more realistic large scale circulation can be obtained when using their CMT 146 

parameterization scheme in the Community Atmosphere Model Version 3.5 (SPCAM). Tulich 147 

(2015) obtained improvement of tropical wave variability and the global simulations of seasonal 148 

climate when using his proposed CMT scheme in the WRF model. Hurricane intensity forecasting 149 

also showed promising improvement with the inclusion of the GKI97 CMT scheme in NCEP’s 150 

operational Global Forecast System (GFS) and its nested Regional Spectral Model because the 151 

CMT scheme can effectively suppress spurious weak tropical disturbances (Han and Pan 2006). 152 

Deng and Wu (2010) also obtained a more coherent structure for the MJO deep convective center 153 

and its corresponding atmospheric variances when including a CMT scheme in the Iowa State 154 

University (ISU) GCM.  155 

Richter and Rasch (2008) and Romps (2012) further compared two mixing-entrainment 156 

CMT schemes with and without CIPG. Both studies found that using the GKI97 scheme resulted 157 

in less improvement in the simulated large-scale circulations than using the SL76 scheme even 158 

though the GKI97 scheme was more physically representative than the SL76 scheme. One of the 159 

potential attributions of poorer performance of the GKI97 scheme is the high uncertainty in setting 160 

the coefficients in the formulation of CIPG in the GKI97 scheme. This uncertainty has been 161 
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reflected in the past studies in which different coefficients have been adopted, such as 0.7 by 162 

GKI97 and Richter and Rasch (2008), 0.55 by Zhang and Wu (2003), and 0.4 in CAM version 5.1 163 

(CAM5.1) (Neale et al. 2010). In addition, the same coefficient has been used for both the zonal 164 

and meridional components of updraft- and downdraft-CIPG. 165 

With increasing computing power, GCMs and regional climate models are able to run in a 166 

wide range of horizontal resolutions from hundreds of kilometers to a few kilometers. The 167 

aforementioned uncertainties may be amplified at higher spatial resolutions due to the lack of 168 

understanding of the scale dependency of CMT and CIPG. Improving this understanding is 169 

required to further improve CMT parameterizations, especially for the scale-adaptable aspects (Liu 170 

et al. 2015). Since the GKI97 scheme is one of the widely used CMT schemes in GCMs, it is 171 

important to reevaluate the performance of the GKI97 scheme and explore its adaptability to model 172 

resolution.  173 

This study expands on the work of Zhang and Wu (2003), with the focus on diagnosing 174 

and exploring the scale dependency of CMT, CMT-related properties and evaluating the CIPG 175 

parameterization in the GKI97 scheme. Instead of using 2-D CRM simulations as in Zhang and 176 

Wu (2003), we utilize 3-D WRF model simulations with explicit spectral-bin microphysics (SBM) 177 

at the cloud-permitting scale for mid-latitude convective cloud systems (Fan et al. 2015). The 178 

scale-dependency of CMT and CMT related properties will be diagnosed using a simple statistical 179 

ensemble method that was proposed by Arakawa et al. (2011), Arakawa and Wu (2013), Wu and 180 

Arakawa (2014), and modified by Liu et al. (2015). The main goal of this study is twofold: 1) to 181 

explore the scale dependencies of mass flux, CMT, and CIPG for the mid-latitude convective cloud 182 

systems, and 2) to evaluate the formulation for parameterizing CIPG in the GKI97 scheme for 183 

different grid spacings.  184 
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 185 

2. Case description and CRM simulations 186 

CMT can be different between MCCs and squall lines. To investigate the scale 187 

dependencies of CMT for both linear and nonlinear systems, one MCC case and one squall line 188 

case over the mid-latitude continent are selected for the CRM simulations. The two convection 189 

cases are from the Midlatitude Continental Convective Clouds Experiment (MC3E) near the DOE 190 

ARM Southern Great Plain (SGP) site (Petersen and Jensen 2012).  191 

The simulations for the two cases are conducted using the Advanced Research WRF 192 

version 3.3.1 using the spectral-bin microphysics (SBM) (Khain et al. 2004; Fan et al. 2012) with 193 

open lateral boundaries. The SBM is an advanced microphysics scheme solving the microphysical 194 

processes explicitly based on the predicted particles over a number of size bins. It has more 195 

physical representations of microphysical processes compared with 1-moment and 2-moment bulk 196 

schemes, particularly in the hydrometeor diffusional growth and sub-cloud rain evaporation, as 197 

discussed in Wang et al. (2013). The detailed description of cases and the model simulations have 198 

been presented in Fan et al. (2015). Briefly, two cases have a horizontal domain size of 560×560 199 

km2 with 1×1 km2 horizontal grid spacing and save model outputs every six minutes. The number 200 

of model vertical layers are 41 for MC3E-0523 and 45 for MC3E-0520. Liu et al. (2015) analyzed 201 

convective moisture transport. In this study, our analyses are also based on the same simulations. 202 

The analysis time period is 6 h for MC3E-0523 and 4 h for MC3E-0520. 203 

3. Methodology 204 

A simple statistical ensemble method presented by Arakawa et al. (2011), Arakawa and 205 

Wu (2013), and Wu and Arakawa (2014), and modified by Liu et al. (2015) is used to examine the 206 

scale-dependency of CMT and CMT related properties. The principle of this method is to divide 207 
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the CRM domain into subdomains with different horizontal sizes to mimic the GCM grid spacings 208 

with the assumptions that different spatial locations are uncorrelated and have the same statistics. 209 

First, we define clouds in convective updraft and downdraft regions using the following criteria 210 

(Liu et al. 2015): (1) vertical velocities (w) > 1 m s-1 and total hydrometeor mixing ratio (qtot) > 211 

1×10-6 kg kg-1 or (2) w > 2 m s-1 for updrafts, and w < -1 m s-1 and qtot > 1×10-5 kg kg-1 for 212 

downdrafts. Second, we divide the CRM domain, 560 km×560 km, into subdomains with 213 

horizontal sizes of 2×2, 4×4, 8×8, 16×16, 32×32, 64×64, 128×128, 256×256, and 512×512 km2 214 

by excluding the outermost 24 km area on each side. A subdomain can belong to one of seven 215 

different combinations of updraft, downdraft and environment. These subdomain types include (i) 216 

updraft only, (ii) downdraft only, (iii) environment only, (iv) updraft and environment, (v) 217 

downdraft and environment, (vi) updraft, downdraft, and environment, and (vii) updraft and 218 

downdraft. Our analysis considers only types (iv), (v), and (vi) because as far as CMT 219 

parameterization is concerned, types (i), (ii), and (iii) do not contribute to CMT. Although type 220 

(vii) can have non-zero CMT due to differences in cloud properties between updrafts and 221 

downdrafts, it only appears when the subdomain size is smaller than 16 km, and its contribution 222 

to the total momentum transport (resolved momentum transport + CMT) is very small. Therefore, 223 

we exclude type (vii) from the analysis as well.  224 

 The mathematical expressions for CRM-simulated CMT are provided below. Because 225 

MC3E-0523 is a nonlinear MCC system, the two horizontal components are in the zonal (x) and 226 

meridional (y) directions. For MC3E-0520 linear convective system (squall line), the two 227 

horizontal components are converted to the line-parallel and the line-normal components. They 228 

are also referred to as the x- and y-components, respectively. The CRM-simulated CMT in the x 229 
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( ′ ′ 	and y directions ( ′ ′ 	from the CRM simulations are defined as (Wu and Arakawa 2014; 230 

Zhang and Wu 2003): 231 

 ( ′ ′ ∑                                    (1a) 232 

( ′ ′ ∑ ̅                                      (1b) 233 

where ρ is the air density. ui,, vi, and wi are the x, y, and vertical (z) components of velocity (m s-1) 234 

at each CRM grid point i in a subdomain considered. Overbar and prime represent the mean over 235 

the subdomain and the deviation from it, respectively. N is the total number of grid points in the 236 

subdomain.  ′ ′ and ′ ′	can be further partitioned into contributions from updrafts (Uxcrm, 237 

Uycrm) and downdrafts (Dxcrm, Dycrn) and environment (Excrm, Eycrm), with similar definitions to 238 

Eq. (1) except only those grid points satisfying their respective criteria are included, and the 239 

summation is over NU, ND and NE, respectively.	Here NU, ND and NE are the numbers of grid points 240 

in a subdomain containing updrafts, downdrafts and environment, respectively. For a given grid-241 

spacing (e.g. 64 km), the number of such subdomains j within the CRM domain that meet 242 

conditions of (iv), (v), and (vi) is denoted by M. Then the ensemble-mean x- (Cxcrm) and y- (Cycrm) 243 

components of CMT of is given by 244 

∑ ′ ′ 																																																							(2a) 245 

∑ ′ ′ 																																																								(2a) 246 

In terms of parameterizations of CMT, the traditional top-hat approach ignored 247 

inhomogeneity within updrafts and downdrafts, and thus the subdomain-averaged updraft vertical 248 

velocity and x- and y-component horizontal velocities are calculated by	 ∑ , 249 



12 
 

∑ ,  and ∑ , respectively. The parameterized x component of CMT 250 

associated with updrafts, downdrafts and environment (referred to as Ux1draft, Dx1draft, and Ex1draft, 251 

respectively) in a subdomain using the one-draft (top-hat) approach is given by: 252 

		 )                                                    (3a) 253 

		 )                                                     (3b) 254 

		 )                                                      (3c) 255 

where subscripts U, D, and E denote the updraft, downdraft and environment, respectively. , , 256 

and  are the fractions of updraft, downdraft and environmental areas, respectively. The 257 

parameterized y component of updraft CMT (Uy1draft), downdraft CMT (Dy1draft), and environment 258 

CMT (Ey1draft) in a subdomain with the one-draft approach can be obtained with similar definitions 259 

to Eq. (3a)-Eq. (3c) except that u’s are replaced by v’s.    260 

To account for the inhomogeneous structures of updrafts to better represent the convective 261 

transport of water vapor, Liu et al. (2015) adopted a three-updraft approach. By applying the three-262 

updraft approach to the CMT, x- and y-components of updraft CMT (referred to as Ux3draft, Uy3draft) 263 

in a subdomain can be calculated by: 264 

              	265 

                                                                             (4a) 266 

	 ̅ ̅267 

̅                                                                              (4b) 268 

 269 
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The three updrafts are defined as follows: 1) 1 m s-1 < w ≤ 3 m s-1, and Qtot > 10-6 kg kg-1, 270 

or 2 m s-1 < w ≤ 3 m s-1 for weak updrafts; 2) 3 m s-1 < w ≤ 6 m s-1 for medium-strength updrafts; 271 

and 3) w > 6 m s-1 for strong updrafts (Arakawa and Wu 2013; Liu et al. 2015).  272 

The vertical divergence of CMT is often called apparent momentum source (X): 273 

                                                                 (5a) 274 

                                                                 (5b) 275 

The apparent momentum source for updrafts can be approximated by (Shapiro and Stevens, 276 

1980; Wu and Yanai, 1994; Zhang and Wu, 2003):  277 

                       (6a) 278 

̅                        (6b)  279 

where	  is the air mass detrainment at the cloud boundaries, and p is the perturbation pressure 280 

induced by convection. The apparent momentum source for downdrafts (XxD, XyD) can be obtained 281 

with similar definitions to Eq. (6a)-Eq. (6b) except that subscript U’s are replaced by D’s. The first 282 

term on the right-hand side of (6a) and (6b) is the product of the updraft mass flux and the vertical 283 

mean wind shear, which can be interpreted as the vertical advection of mean horizontal momentum 284 

by compensating subsidence; the second term represents the effect of horizontal momentum that 285 

is detrained from updrafts into environment; the last term is the effect of the CIPG force on 286 

environment. 287 

To further explore the scale dependency of CIPG, we adopt the approximated budget 288 

equation for CIPG from Zhang and Wu (2003):  289 
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2 2290 

                                                        (7) 291 

Here,  is the 3D Laplacian operator ( .  The first four terms on the right-hand 292 

side represent the dynamic contributions to the Laplacian of CIPG, and are referred to as the linear-293 

shear forcing, nonlinear-shear forcing, the divergence forcing, and density stratification forcing, 294 

respectively (Rotunno and Klemp 1982; Zhang and Wu 2003). The last term on the right-hand side 295 

is the buoyancy forcing of the cloud air. To examine their relative contributions to the Laplacian 296 

of CIPG, the first four terms on the right-hand side and the Laplacian of CIPG on the left-hand 297 

side are directly calculated from CRM data, while the buoyancy term on the right-hand side is 298 

estimated as the residual. 299 

The GKI97 scheme includes only the linear-shear forcing for parameterizing CIPG and 300 

can be expressed as:	301 

                                                                      (8a) 302 

                (8b) 303 

							            (8c) 304 

						            (8d) 305 

where CUx, CDx, CUy, and CDy are coefficients. In the current GKI97 CMT scheme, CUx, CDx, CUy, 306 

and CDy are set to the same value (C). In the next section, we examine the relative contributions 307 

from each forcing to the Laplacian of CIPG at different model grid spacings. This can provide 308 

evidence for justifying the approximation used in the GKI97 scheme for all grid spacings.  309 
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To further quantity the performance of the GKI97 scheme for parameterizing CIPG at 310 

different grid spacings, we conduct a linear regression analysis for Eq. (8a)-Eq. (8d) using the 311 

product of mass flux and vertical mean wind shear as the predictor variable and CRM-derived 312 

CIPG as the response variable.  The adjusted coefficient of determination ( ) obtained from 313 

linear regression analysis indicates how well the CRM-derived CIPG variation can be explained 314 

by the product of mass flux and vertical mean wind shear (the GKI97 scheme). The formula for 315 

	is as follows: 316 

                               1 1 	      (9) 317 

where  is the coefficient of determination, which is the ratio of SSresid (the sum of the squared 318 

residuals from the regression) and SStotal (the sum of the squared differences from the mean of the 319 

dependent variable, or the total sum of squares), d is the total number of predictor variables in the 320 

regression equation, and n is the sample size. The larger 	is, the more variability in the 321 

response variable is explained by the predictor variables. In addition to , the Pearson 322 

correlation coefficient (CC) is also calculated to examine the linear dependence between the CRM-323 

derived CIPG and the product of mass flux and vertical mean wind shear (Eq. 8). 324 

The statistical significance for the regression analysis and CC is examined using the F-test 325 

and are considered statistically significant when satisfying the threshold to reject the null-326 

hypothesis at 95% level. The statistical significance test can help discard unrealistic results that 327 

are obtained when the sample size is too small, especially when the grid spacing is large (128 km 328 

- 512 km).  329 
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Because the cloud mass flux is an important parameter for parameterizing the CMT in the 330 

GKI97 scheme, convective updraft and downdraft mass fluxes are also computed to explore their 331 

scale dependency. The updraft mass flux and downdraft mass flux are computed by:  332 

MU =                         (10a)  333 

MD =                         (10b)  334 

Note that mean vertical velocity of environmental air	 , instead of grid-mean , is included.  335 

 336 

4. Results 337 

4.1 Scale dependency of CRM-simulated mass flux and CMT 338 

Figure 1 shows the time-height cross sections of the ensemble mean grid-mean winds 339 

( 	 	 ̅ 	for 8 km and 128 km grid spacings from the MC3E-0523 case [see Fig. S1 in the 340 

supporting information (SI) for all different grid spacings]; hereafter, “ensemble mean” [see Eq. 341 

(2) for its definition] will be omitted for brevity. The analysis time period is from 1930 UTC 23 342 

May to 0130 UTC 24 May, when the MCC evolves from the initial developing, intensifying, to 343 

mature stages. It shows that the grid-mean x component of winds ( 	are westerly throughout the 344 

troposphere with the maximum wind speeds in the upper troposphere during the entire period 345 

(Figure 1a). The grid-mean y component of winds ̅ 	are southerly in most of the troposphere 346 

except for 2100-2300 UTC above 10 km height and the maximum ̅ 	 occurs in the lower 347 

troposphere (Figure 1b). In general, the time-height cross sections of 	and ̅ 	are very similar for 348 

different grid spacings, except weaker westerly winds and stronger northerly winds above 10 km 349 

altitude for larger grid spacings. This indicates a weak scale dependency for grid-mean wind 350 

components. The grid-mean x component of winds  from MC3E-0520 shows results similar to 351 

MCE-0523 (Figure 2a), demonstrating a weak scale dependency as well. However, the grid-mean 352 
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y component of winds ̅  from MC3E-0520 exhibits distinct differences between small and large 353 

grid spacings (Figures. 2b and S2), as indicated by the gradual decrease of vertical gradient as the 354 

grid spacing increases from dx = 4~16 km to dx = 32~512 km.  355 

To understand what contributes to the different vertical structures of ̅ between the small 356 

(dx= 4~16 km) and large (dx = 32~512 km) grid spacings from MC3E-0520, snapshots of the 357 

horizontal distribution of ̅ at 6.0 km altitude for dx =8 km and 128 km are shown in Figure 3. In 358 

Figures 3a-3b, only the subdomains that meet conditions (iv), (v), and (vi) for dx = 8 km and 128 359 

km are plotted to represent the small and large grid spacings, respectively. The selected 360 

subdomains for dx = 128 km occupy much larger regions than those for dx = 8 km. The latter are 361 

closer to where the squall line is located (Figure 3c).  In addition, for dx = 128 km the majority of 362 

the subdomains contain negative ̅, resulting in negative ensemble-mean ̅. However, for dx = 8 363 

km, the majority of the subdomains have positive ̅, producing positive ensemble-mean ̅. This 364 

explains the different upper level winds between large and small grid spacings, and how the scale 365 

dependency of ̅ comes from.  366 

The updraft and downdraft mass fluxes show considerable differences among different grid 367 

spacings of MC3E-0523 (Figures 4 and S3 in SI). The updraft mass fluxes decrease monotonically 368 

as subdomain size/grid spacing (dx) increases and peak from the initial developing stage at small 369 

grid spacings to the mature stage at very large grid spacings, while downdraft mass fluxes peak at 370 

dx = 8 or 16 km and then decrease as dx increases (Figure S3). Note that subdomain size and grid-371 

spacing are used interchangeably throughout the rest of the paper. In addition, downdraft mass 372 

fluxes peak near 4 km altitude where the freezing level is located and at the mature stage for all 373 

the grid spacings (Zhang and Wu 2003). The different temporal evolution between updraft mass 374 

fluxes and downdraft mass fluxes is because strong downdrafts do not develop coincidently with 375 
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updrafts, and thus downdraft intensity is weaker at the early stage of development, and becomes 376 

stronger at the mature stage as strong precipitation forms. MC3E-0520 squall line shows similar 377 

results to MCE-0523 (Figures not shown), indicating that both updraft and downdraft mass fluxes 378 

have strong scale dependency.  379 

 As expected, the time-height cross sections of CMT show even larger differences among 380 

different grid spacings relative to those of either updraft or downdraft mass fluxes because CMT 381 

is the product of fluctuations of both horizontal and vertical wind components (Figs. 5 and S4). 382 

Here we only show results from MC3E-0523 as an example. Figure S4 shows that for all grid 383 

spacings the x component of updraft CMT is negative throughout the troposphere during 1930 384 

UTC 23 May-0130 UTC 24 May. This indicates that there is downward momentum transport in 385 

westerlies. For small grid spacings, the updraft CMT peaks from the initial developing stage 386 

compared to the mature stage for the very coarse grid spacings, which is largely similar to updraft 387 

mass flux. For example, at dx = 4 km (Figure S4a), the absolute maximum CMT occurs in the first 388 

few hours of development and then decreases significantly with time. At dx > 64 km, the CMT 389 

magnitude is small at the first 2 hours of development and increases afterwards as in updraft mass 390 

flux (Figure 4a).  Also, as the grid-spacing gets coarser, the CMT magnitude increases in the upper 391 

troposphere (> 10 km altitude) perhaps due to better organized flows, for example, the anvil 392 

outflows. 393 

 Opposite to its x-component counterpart, the y-component of updraft CMT is mostly 394 

positive except for dx < 32 km at the first hour and for dx > 32 km below the 2 km altitude (Figures 395 

6a and S5a), indicating mostly upward momentum transport in southerlies. Further, the magnitude 396 

increases with the grid spacing more significantly than that of its x-component counterpart. 397 
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 Both x- and y-components of downdraft CMT show more significant changes as the grid 398 

spacing increases than their updraft counterparts (Figures. 5b, 6b, S4b, and S5b). For the x 399 

component of downdraft CMT (Figures 5b and S4b), as the grid spacing increases, it evolves from 400 

mostly negative at dx < 16 km, to mostly positive at and above dx > 64 km. As for the y component 401 

(Figures 6b and S5b), it evolves from mostly positive (except at low levels after 0000 UTC 24 402 

May) for dx = 4-32 km to changing signs in the vertical for dx = 64-512 km, i.e., negative CMT 403 

at the 4-8 km altitude but positive CMTs below 4 km and above 8 km altitudes. As in the mass 404 

fluxes (Figure 4), downdraft CMTs peak in the lower troposphere while updraft CMTs are 405 

significant over a much larger extent of the troposphere.  406 

In summary, the grid-unresolved properties, such as mass flux and CMT, have a much 407 

stronger scale dependency than grid-resolved properties, such as the grid-mean winds. Both CMT 408 

and mass fluxes have strong scale dependencies with CMT more stronger, but its temporal and 409 

vertical changes can be mostly explained by those of their corresponding mass fluxes. The 410 

magnitudes of updraft CMT depend on the organized flows that are stronger for the mature stage 411 

than for the initial stage of convective systems. 412 

4.2 Relationships between CMT and wind shear 413 

Previous studies have shown that for linear MCS such as squall line, CMT may be 414 

upgradient in the line-normal (y) direction and downgradient in the line-parallel (x) direction. On 415 

the other hand, CMT is generally downgradient for nonlinear MCS (Asai 1970; LeMone 1983; 416 

LeMone and Jorgensen 1991). To investigate whether the simulation reproduces the prevalent 417 

CMT characteristics and how the simulated CMT characteristics vary with grid spacings, the CMT 418 

profiles (updraft, downdraft and total) overlaid with the grid-mean vertical wind shear profile are 419 

shown in Figure 7. The grid-mean vertical x-component wind shear is calculated by: 420 
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/| |                   (11) 421 

where Zk is the altitude of vertical level k. Because of the small differences in the results (discussed 422 

below) within either the large grid spacings or the small grid spacings group, we select results at 423 

dx = 128 km and 8 km to represent the GCM scale and gray-zone scale, respectively, for brevity.  424 

For MC3E-0523 (nonlinear MCS), comparing the x- and y-components of updraft and total 425 

CMTs with the grid-mean vertical wind shear shows that updraft and total CMT and vertical wind 426 

shear are generally opposite in sign at both large and small grid spacings, indicating that both the 427 

x- and y-components of total and updraft CMTs are downgradient with respect to vertical wind 428 

shear (Figure 7a). An exception occurs around the 7 km altitude for the y-component of dx = 128 429 

km. A similar downgradient transport can also be seen from the x- and y-components of downdraft 430 

CMT at dx = 8 km but it is upgradient at dx = 128 km. This suggests that downdraft CMT is very 431 

sensitive to grid spacing and can have different transport directions for small and large grid 432 

spacings, which is consistent with what is shown in Figures 5b and 6b, even though the downdraft 433 

CMT is much smaller than its updraft counterpart, especially in the upper troposphere. 434 

For MC3E-0520 (linear MCS), the x-components of updraft, downdraft and total CMTs 435 

for dx = 8 km and 128 km are generally opposite in sign to the grid-mean wind shear (except for 436 

downdraft CMT above the 8 km altitude at dx = 128 km with small magnitudes), indicating 437 

downgradient transport (Figure 7b). As for the y-component, the relationship between CMTs and 438 

grid-mean wind shear exhibits some differences between dx = 8 km and dx = 128 km. At dx = 128 439 

km, the grid-mean wind shear above 2 km heights as well as updraft and total CMTs at all levels 440 

are positive, indicating an upgradient momentum transport while the downdraft momentum 441 

transport is downgradient at all levels (also for dx = 8 km).  At dx = 8 km, the updraft and total 442 

CMTs are mostly positive at all levels, while the grid-mean vertical wind shears are negative above 443 
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7 km and below 2 km height, and are positive between 2 and 7 km height, which suggests an 444 

upgradient transport below 7 km height and downgradient transport above 7 km. The difference in 445 

the grid-mean wind shear can be deducted from the vertical profiles of grid-mean wind shear in 446 

the y-direction between dx = 8 km and dx = 128 km (Figure 2).  447 

Based on the results shown above, for the nonlinear MCS (MC3E-0523), the downgradient 448 

transports for updrafts and total CMTs generally do not change with grid spacings and are 449 

consistent with previous studies. In contrast, downdraft CMT has downgradient transport at small 450 

grid spacings but becomes upgradient at large grid spacings. The upgradient CMT for downdrafts 451 

is consistent with Zhang and Wu (2003). As for the linear MCS (MC3E-0520), the downgradient 452 

transport in the line-parallel direction and upgradient transport in the line-normal direction 453 

suggested by previous studies are reproduced for updraft and total CMTs at both the small and 454 

large grid spacings except for the line-normal component above 7 km height at small grid spacings. 455 

The downdraft CMT, on the other hand, is always downgradient regardless of the grid spacings 456 

for both  line-parallel and line-normal components.   These results suggest that prevalent CMT 457 

characteristics based upon field campaigns and model calculation for spatial scales typical of 458 

current GCM resolution is applicable to updrafts but not downdrafts across a wide range of grid 459 

spacings examined in this study.  460 

To explain why the characteristics of updraft CMT are different between the y- and x-461 

components as well as between the small and large grid spacings for the y-component, snapshots 462 

of updraft CMT and updraft PGF in the line-parallel and line-normal directions are shown in 463 

Figures 8-11. These snapshots are similar to those shown in Figures 3a and 3b for the y-component 464 

winds. Figures 8 and 9 show the x-component of updraft CMT and PGF in convective updrafts at 465 

4.5 km and 9 km altitudes, respectively, at 1500 UTC 20 May when the squall line is at the 466 



22 
 

intensifying stage. At 4.5 km altitude (Figure 8), the majority of the x-component of updraft CMTs 467 

is negative with exception for one subdomain at dx=128 km and a few subdomains for dx = 8 km. 468 

The negative x component of updraft CMT indicates that the air feeding the updrafts carries 469 

negative perturbation wind ( ). Because the x component of updraft PGFs is mostly positive, the 470 

updraft PGF is opposite to the direction of the perturbation wind ( ) in updrafts, decelerating the 471 

perturbation wind when air moves upward inside updrafts. As a result, the CMT at both large and 472 

small grid spacings is downgradient.  A similar relation between the updraft CMT and PGF can 473 

also be seen at 9.0 km altitude except the updraft CMT is mainly positive while the updraft PGF 474 

is negative (Figure 9).  475 

Figures 10-11 are the same as Figures 8-9, except for the line-normal component at 4.5 and 476 

7.5 km altitudes. Note that 7.5 km instead of  9 km altitude is chosen because the y-component of 477 

maximum updraft CMT is located at a lower altitude. At 4.5 km altitude (Figure 10), the majority 478 

of line-normal updraft CMT at both small and large grid spacings is positive, indicating that the 479 

air entering convective updrafts carries positive perturbation wind ( . The positive y-component 480 

of updraft PGF is in the same direction as the perturbation wind ( 	in the updrafts, accelerating 481 

the perturbation wind, resulting in upgradient CMT for both small and large grid spacings.  482 

For large grid spacings at 7.5 km altitude, the y-component of updraft CMT and updraft 483 

PGF are mostly positive, indicating that the updraft PGF accelerates the perturbation wind in the 484 

updrafts, resulting in upgradient CMT. However, for small grid spacing, the majority of updraft 485 

CMT remains positive, but a large area of updraft PGF where the positive updraft CMT is located 486 

becomes negative, leading to decelerating the perturbation wind and downgradient CMT. This 487 

explains why the y-component of updraft CMT becomes downgradient transport above 7 km for 488 

small grid spacings. The results here suggest that the effect of PGF on updraft CMT characteristics 489 
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is consistent across all grid spacings. The aforementioned relationship between the updraft CMT 490 

direction and PGF has also been used to explain the different CMT characteristics in the westerly 491 

and easterly wind regimes in Zhang and Wu (2003).   492 

To examine whether the CMT characteristics are also controlled by PGF in convective 493 

downdrafts, snapshots of downdraft CMT and PGF at 4.5 km altitudes in the x- and y-directions 494 

are also shown in Figures S6 and S7 in SI, respectively. Unlike the relation between the updraft 495 

CMT and PGF, the downdraft CMT and PGF do not have systematic relation for both the y and x 496 

components. The different signs of downdraft CMT when transitioning from the large to small 497 

grid spacings cannot be explained by the downdraft PGF as in updraft CMT. This may be expected 498 

because downdraft is largely contributed by precipitation, which could make the sign of downdraft 499 

CMT more influenced by the size of grid spacing via cloud microphysical processes.   500 

 501 

4.3. Scale dependency of apparent momentum source and CIPG 502 

 Apparent momentum source is defined as the vertical gradient of CMT (Eq. 5). To examine 503 

the importance of CIPG to apparent momentum source, vertical profiles of the individual terms in 504 

Eq. (6) and apparent momentum source across all the grid scales are compared in Figure 12. Note 505 

that the detrainment term is estimated as the residual because the other three terms can be directly 506 

calculated from CRM data. 507 

 As shown in Figure 12a, apparent momentum source varies significantly with height and 508 

grid spacing for both updraft and downdrafts. For example, the x-component of updraft apparent 509 

momentum source (XxU) is positive and negative below and above 4 km height, respectively, with 510 

the maximum positive value at 3 km altitude for dx = 32 ~128 km. The y-component of updraft 511 

apparent momentum source (XyU) is negative below 6 km but positive above 6 km height, with the 512 
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minimum XyU occurring at ~5 km altitude for dx = 32~256 km.  Further, apparent momentum 513 

source in updrafts is larger than that in downdrafts (XxD and XyD).   514 

As shown in Eq. (6), the apparent momentum source is composed of CIPG, vertical 515 

advection of horizontal momentum, and detrainment (the three terms on the right-hand side of Eq. 516 

6). The magnitudes of these three terms are much larger than that of apparent momentum source. 517 

The vertical advection of horizontal momentum has a slightly larger magnitude than that of CIPG 518 

and they are opposite in sign, except for the updraft y-component above 8 km altitude. The 519 

detrainment term is the smallest among the three terms. The magnitudes of CIPG and apparent 520 

momentum source are comparable at very large grid spacing such as 512 and 256 km. As grid 521 

spacing decreases, the magnitude of CIGP increases more rapidly than that of apparent momentum 522 

source, and thus CIPG becomes significantly larger than apparent momentum source at small grid 523 

spacings. These results suggest that CIPG can have significant impacts on apparent momentum 524 

source at GCM-resolution, and the impact may become even larger at the gray-zone resolution. 525 

Because of this finding, it is imperative to revisit the parameterization scheme for CIPG across all 526 

the scales. 527 

To further understand the factors impacting the scale dependency of CIPG, vertical profiles 528 

of individual terms in the Laplacian of CIPG (Eq. 7) are compared for different grid spacings 529 

(Figures 13-14, and S8-S11). For MC3E-0523 (nonlinear MCS), contributions from the buoyancy, 530 

divergence, and stratification forcings to the Laplacian of CIPG are very small for all grid spacings 531 

(Figures 13 and S8-S9 in SI). Therefore, the discussion for MC3E-0523 will focus on the linear-532 

shear and nonlinear-shear forcings below.   For the x-component of both updraft and downdraft 533 

Laplacian of CIPG, the absolute value of the linear-shear forcing increases monotonically with 534 

decreasing grid spacing, and is the major contributor to the Laplacian of CIPG for all grid spacings 535 
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(Figures 13a and 13c). Although the linear-shear forcing has the same sign and similar vertical 536 

structures as the Laplacian of CIPG for all grid spacings, their differences in vertical profiles 537 

increase as the grid spacing increases. 538 

Unlike the linear-shear forcing, the nonlinear-shear forcing has similar magnitudes across 539 

the grid spacings, and in general has the opposite sign to the Laplacian of CIPG and the linear-540 

shear forcing. Because the linear-shear forcing’s absolute value monotonically decreases with 541 

increasing grid spacing, contribution from the nonlinear-shear forcing to the Laplacian of CIPG 542 

becomes  noticeable at dx = 32 km and becomes comparable to the linear-shear forcing in 543 

magnitude at grid spacings > 64 km. This explains the increased difference with increased grid 544 

spacing between the linear-shear forcing and the Laplacian of CIPG.  545 

Different from the x-component for updraft and downdraft Laplacian of CIPG whose 546 

linear-shear forcing is always larger than the other four terms regardless of grid spacings, for the 547 

y-component of updraft and downdraft Laplacian of CIPG (Figures 13b and 13d), the nonlinear-548 

shear forcing in its absolute value becomes larger than the linear-shear forcing at dx > 64 km. In 549 

addition, the linear shear forcing term does not always have the same sign as the Laplacian of 550 

CIPG when dx > 16 km, in particular at dx = 256 and 512 km.  551 

          For MC3E-0520 (linear MCS), contributions from the divergence and stratification forcings 552 

to the Laplacian of CIPG remain negligibly small (Figure 14). For dx = 4~64 km, the x- and y- 553 

components of both updraft and downdraft linear-shear forcings in general have the same sign as 554 

the Laplacian of CIPG and are the major contributor to the Laplacian of CIPG. However, for 555 

dx=128~512 km, contributions of the linear-shear, nonlinear-shear, and buoyancy forcings to the 556 

Laplacian of CIPG become comparable, and the linear-shear forcing sometimes has an opposite 557 

sign to the Laplacian of CIPG below the 6 km altitudes. 558 
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The CIPG budget analysis presented above suggests that for both linear and nonlinear 559 

MCSs, both the nonlinear-shear forcing and/or buoyancy forcing become comparable to the linear-560 

shear forcing and sometimes exceed the linear-shear forcing as the grid spacing increase from 561 

4~64 km to 128~256 km although the linear-shear forcing is the major contributor to the Laplacian 562 

of CIPG for 4~64 km grid spacings. Thus, inclusion of the linear-shear forcing only to represent 563 

the Laplacian of CIPG such as in the GKI97 scheme may be acceptable only at dx = 4-64 km 564 

where the magnitudes of other forcings are small. 565 

4.4 Scale dependency of parameterized CIPG by the GKI97 scheme 566 

The GKI97 scheme (Eq. 8) only includes the linear-shear forcing term for parameterizing 567 

CIPG, that is, a constant coefficient multiplied by mass flux and vertical mean wind shear. The 568 

same constant coefficient is used in the x- and y-components of CIPG for updrafts and downdrafts. 569 

As revealed from Figures 13 and 14, the relationship between CIPG and linear-shear forcing term 570 

can be different for the x- and y-components at different grid spacings. Thus, using the same 571 

coefficient for their x- and y-components across different grid spacings may cause significant 572 

errors. Although the stratification and divergence forcings are small and neglecting them is 573 

justifiable,  contributions of both the nonlinear-shear and buoyancy forcings to CIPG are not 574 

negligible at dx > 64 km. Thus, we suspect that exclusion of the nonlinear-shear forcing or 575 

buoyancy forcing in the parameterization of CIPG may impact the degree of accuracy.  Therefore, 576 

in this section we evaluate the performance of the GKI97 scheme for parameterizing the CIPG for 577 

different grid spacings using the linear regression analysis at each level for different grid spacings. 578 

Both MC3E-0520 and MC3E-0523 consistently show that at dx = 4 ~128 km, the x- and y-579 

component CIPG and product of mass flux and vertical mean wind shear for updrafts and 580 

downdrafts (Eq. 8) are negatively correlated at all levels, while for dx = 256 and 512 km, they can 581 
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be either positively or negatively correlated (Figures 15 and S12). In addition,  monotonically 582 

increases with increasing grid spacing at the 4~64 km range, in which the grid spacing of 64 km 583 

has the maximum	 . This suggests that the GKI97 scheme may explain the most CIPG variation 584 

at dx = 64 km, and at the smaller the grid spacing the less variation of CIPG can be captured by 585 

the GKI97 scheme. In contrast, for dx > 64 km, there is no such clear relation between  and 586 

grid spacing, and  varies greatly with height.  587 

As for the regression slopes, it is shown that at the grid spacing ranging from 4 km to 128 588 

km, the range of the slope variation in the vertical (1-12 km altitudes) tends to increase as grid 589 

spacing increases for both the x- and y-components of updrafts and downdrafts (Table 1 and Table 590 

S1 in SI). For example, for dx = 4 km from MC3E-0523, the x-component of updraft slopes ranges 591 

from -0.44 to -0.24, and for dx = 128 km, they range from -0.47 to -0.07. However, the mean 592 

slopes averaged over 1-12 km altitude do not vary much with grid spacings. The mean slopes are 593 

ranging from -0.32 to -0.37 across the grid spacings for the x-component of updraft slopes, from -594 

0.32 to -0.41 for the y-component of updrafts slopes, from -0.45 to -0.49 for the x-component of 595 

downdraft slopes, and from -0.49 to -0.52 for the y-component of downdraft slopes. Since the 596 

mean regression slope does not vary much with grid spacing for the same component, we take 597 

vertical averages. The average slope is -0.35 for the x-component of updraft slope, -0.39 for the y-598 

component of updraft slope, -0.47 for the x-component of downdraft slope, and -0.50 for the y-599 

component of downdraft slope from MC3E-0523 (Table 2). The average slopes for MC3E-0520 600 

is also listed in Table 2.  It appears that the average slopes are different for different cases. In 601 

general, the average slopes appear to be larger for downdrafts than updrafts.    602 

In summary, the two cases consistently demonstrate that the GKI97 scheme is satisfactory 603 

to a first-order approximation of parameterized CIPG for climate models with grid size of < 64 604 
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km. However, the variations of CIPG that can be captured using the GKI97 scheme decrease when 605 

grid spacing increases. When grid spacing is at 128 km or larger, the GKI97 scheme does not fully 606 

parameterize CIPG. This behavior is related to the fact that GKI97 only considers the contribution 607 

from linear forcing, but does not consider the contribution from the nonlinear-shear forcing or 608 

buoyancy forcing, which can become comparable or even larger than the linear-shear forcing when 609 

dx > 64 km. It is surprising that the GKI97 scheme is actually not suitable when the model grid 610 

spacing is at the traditional GCM scales (100-300 km). This might explain why Richter and Rasch 611 

(2008), which used horizontal resolutions of 1.9° and 2.5°, obtained better result from the SL76 612 

scheme that did not consider the effect of CIPG than that from the GKI97 scheme that includes 613 

the CIPG effect. 614 

To investigate whether adding the nonlinear shear forcing into the GKI97 scheme can 615 

potentially improve the ability for capturing the variation of CIPG, we conduct a multiple linear 616 

regression analysis using two predictor variables, including the product of mass flux and vertical 617 

mean wind shear (GKI97, linear-shear forcing) and the product of mass flux and vertical 618 

perturbation wind shear (nonlinear-shear forcing). It is shown that when nonlinear-shear term is 619 

added into the regression equation,  value increases significantly at the dx = 128-512 km 620 

(Figure 16). However, the increase of  value at dx < 100 km is much smaller compared to that 621 

at dx > 100 km.  This confirms that adding the non-linear forcing to the GKI97 scheme might 622 

potentially improve the predictability of CIPG for dx > 100 km, while the improvement is limited 623 

for dx < 100 km. A potentially better way to parameterize the CIPG at the grid spacing range from 624 

4 km to 64 km would still use the GKI97 scheme, but with a modification that can capture the 625 

large inter-draft variability in convective updraft area within a grid box. This may be achieved by 626 

using the three updrafts and one downdraft approach (Liu et al., 2015), which shows much 627 
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improved CMT compared to the traditional single updraft and downdraft approach as shown in 628 

Figure 17 because it well accounts for the increasing variation inside convection at the gray zone 629 

scale. 630 

5. Summary and discussions 631 

This study has focused on diagnosing and exploring the scale dependency of convective 632 

momentum transport (CMT) and CMT-related properties, and evaluating the convection-induced 633 

pressure gradient (CIPG) parameterization in Gregory et al. 1997 (GKI97). A statistical ensemble 634 

method is used to analyze the 3-D Weather Research and Forecasting (WRF) model simulations 635 

at the cloud-permitting scale for two mid-latitude convective systems, i.e., a mesoscale convective 636 

complex and a squall line observed during the MC3E field experiment. 637 

The two CRM-simulated cases consistently show that the grid-mean wind patterns 638 

generally do not change much with the change of grid spacings except for the y-component of the 639 

linear MCS. In contrast, updraft and downdraft mass fluxes and CMTs have strong scale 640 

dependency in temporal evolution and vertical structure. However, even with strong scale 641 

dependency, updraft CMT has the same sign from the small grid spacings to the large grid spacings, 642 

while downdraft CMT can have different signs between the small and large grid spacings.  643 

Previous studies suggest that CMT is generally downgradient for nonlinear MCSs, but for 644 

linear MCSs, the CMT can be either upgradient or downgradient transports. We find that the 645 

prevalent CMT characteristics based upon field campaigns and model calculation for spatial scales 646 

typical of current GCM resolution are applicable to updrafts but not downdrafts across a wide 647 

range of grid spacings. Total and updraft CMT for the nonlinear MCSs (MC3E-0523) are mostly 648 

downgradient with respect to grid-mean wind shear at all levels for both the small and large grid 649 

spacings. Updraft and total CMT for the linear MCS (MC3E-0520) also consistently show 650 
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downgradient transport in the line-parallel direction and upgradient transport in the line-normal 651 

direction for both large grid spacings at all levels and small grid spacings below 7 km altitude. In 652 

contrast, downdraft CMT for nonlinear MCSs is upgradient at the large grid spacings and becomes 653 

downgradient at the small grid spacings. For linear MCS, downdraft CMT is mostly downgradient 654 

for both the x- and y-components at both the small and large spacings.  655 

We also investigate why linear MCS has downgradient updraft CMT in the x direction but 656 

upgradient CMT in the y direction for both large and small grid spacings. For the upgradient CMT 657 

in the y direction, the reason is that the updraft pressure gradient force (PGF) strengthens 658 

perturbation wind in updrafts for both the large and small grid spacings. In contrast, in the x 659 

direction, the updraft PGF weakens perturbation wind inside updrafts, resulting in downgradient 660 

CMT. However, downdraft CMT shows no clear relation to downdraft PGF.  661 

The analyses of scale dependency of apparent momentum source suggest that CIPG has 662 

significant impacts on apparent momentum source at GCM-resolution, and the influence becomes 663 

even larger at the gray-zone resolution. Further analysis of the individual components for the 664 

Laplacian of CIPG shows that although linear-shear forcing is the major contributor to the x- 665 

component of updraft and downdraft Laplacian of CIPG for all the grid spacings from MC3E-666 

0523, the contribution of nonlinear shear forcing to the y-component of updraft and downdraft 667 

Laplacian of CIPG from MC3E-0523 as well as both the x- and y-components of Laplacian of 668 

CIPG from MC3E-0520 can be comparable and even exceeds the linear-shear forcing at grid 669 

spacing larger than 64 km. This suggest that use of only the linear-shear forcing for representing 670 

the Laplacian of CIPG might be acceptable only at dx = 4~64 km either when convective scale 671 

effect dominates or when the mesoscale circulation is absent. However, when grid spacing is large, 672 
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the effect of MCS organization is inevitable to be included in each grid box, and thus the inclusion 673 

of the no-linear-shear forcing becomes important.  674 

We have also evaluated one of the most widely used CMT parameterization schemes in 675 

GCMs that included the effect of CIPG [Wu and Yanni 1994; Gregory et al., 1997, GKI97]. We 676 

performed the linear regression analysis between the CIPG and the product of mass flux and 677 

vertical mean wind shear at each level to quantify the performance of the GKI97 scheme across 678 

different grid spacings. Results show that   monotonically increases with increasing grid 679 

spacing at the grid spacing range between 4 km and 64 km, in which the grid spacing of 64 km has 680 

the maximum . This suggests that the GKI97 scheme may explain the most CIPG variation at 681 

grid spacing of 64 km, and at the smaller the grid spacing, the less variation of CIPG can be 682 

captured by the GKI97 scheme. Based on the multiple-variable regression analysis, the ability to 683 

capture the increasing variation of CIPG with decreasing grid spacing cannot be improved with 684 

the inclusion of nonlinear shear forcing as another predictor. Thus, a better way to parameterize 685 

the convection-induced pressure gradient at the grid spacing range from 4 km to 64 km would still 686 

use the GKI97 scheme, but with a modification that can capture the large inter-draft variability in 687 

convective updraft area within a grid box. This may be achieved by using the three updrafts 688 

approach (Liu et al., 2015), which can well account for the increasing variation inside convection 689 

at the gray zone scale compared to the traditional single updraft and downdraft approach.  690 

We also found that when grid spacing increases to 128 km or larger, the negative 691 

correlation between CIPG and the linear-shear forcing would somehow break down and becomes 692 

highly sensitive to altitudes.  This is because the GKI97 scheme does not consider the contribution 693 

from the nonlinear shear forcing and buoyancy forcing, which can be comparable or even larger 694 

than the linear-shear forcing when dx is larger than 100 km. This finding suggests that the GKI97 695 
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parametrization for CIPG is actually not suitable for model grid spacing at the traditional GCM 696 

scales (100-300 km) unless the non-linear forcing is included.  697 
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Figure captions 849 

Figure 1. Time-height cross sections of grid-mean (a) x component winds ( ,	m-1 s-1) and (b) y 850 

component winds ( ̅ ,	m-1 s-1) averaged over the ensemble domains at dx = 8 km and dx = 128 km 851 

for MC3E-0523. Time period is from 1930 UTC 23 May to 0130 UTC 24 May.  Please refer to 852 

Fig. S1 (Supporting Information) for the results of all different grid spacings. 853 

 854 

Figure 2. Same as Figure 1, except from MC3E-0520. Time period is from 1300 UTC 20 May to 855 

1700 UTC 20 May.  Please refer to Fig. S2 (Supporting Information) for the results of all different 856 

grid spacings. 857 

 858 

Figure 3 Snapshots of the grid-mean y component winds (m-1 s-1) at 6.0 km altitude at 1400 UTC 859 

20 May for (a) dx = 8 km and (b) dx = 128 km for MC3E-0520. (c) shows the snapshot of updraft 860 

points (red) and downdraft points (blue) at the same height and time from the CRM simulation 861 

with 1-km grid-spacing.  862 

 863 

Figure 4. Time-height cross sections of ensemble mean mass flux (kg m-2 s-1) in (a) convective 864 

updrafts and (b) downdrafts for dx = 8 km and dx = 128 km from MC3E-0523. Time period is 865 

from 1930 UTC 23 May to 0130 UTC 24 May.  Please refer to Fig. S3 for the results of all different 866 

grid spacings. 867 

 868 

 869 

Figure 5. Time-height cross sections of the x component of ensemble mean vertical momentum 870 

flux (kg m-1 s-2) in (a) convective updrafts and (b) downdrafts for dx = 8 km and dx = 128 km from 871 

MC3E-0523. Time period is from 1930 UTC 23 May to 0130 UTC 24 May.  Please refer to Fig. 872 

S4 for the results of all different grid spacings. 873 

 874 

Figure 6. Same as Figure 5, except for y component of ensemble mean vertical momentum flux 875 

(kg m-1 s-2). Please refer to Fig. S5 for the results of all different grid spacings. 876 

 877 

Figure 7. Vertical profiles of the ensemble mean of the convective momentum fluxes and grid-878 

mean vertical wind shear for (a) MCE3-0523 and (b) MC3E-0520. The red, blue, and black solid 879 

lines denote updraft, downdrafts, and total convective momentum fluxes, respectively, with the 880 

scale shown at the bottom of each frame. The green-dotted line is for grid-mean vertical wind shear 881 

with the scale shown at the top of each frame. The left two frames are x component, and the right 882 

two frames are y component at dx = 8 km and 128 km.  883 

 884 

Figure 8. The horizontal cross section of the x component of updraft convective momentum flux 885 

(kg m-1 s-2) (a, c, and e) and updraft pressure gradient force (m s-2) (b, d, and f) for dx = 128 km 886 

(the first row) and dx = 8 km (the second and third rows) at 4.5 km altitudes at 1400 UTC 20 May. 887 

(e) and (f) are the closer look of black box in (c) and (d), respectively.  888 

 889 
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Figure 9. Same as Figure 8, except for x component at 9 km altitude.  890 

Figure 10. Same as Figure 8, except for y component at 4.5 km altitude.  891 

Figure 11. Same as Figure 8, except for y component at 7.5 km altitude.  892 

Figure 12. Vertical profiles of scale dependency of (a) apparent momentum source (m s-1 day-1), 893 

(b) CIPG (m s-1 day-1), (c) vertical advection by the compensating subsidence (m s-1 day-1), and (d) 894 

horizontal momentum detrainment (m s-1 day-1) for MC3E-0523. The panels from left to right are 895 

x component of updrafts, y component of updrafts, x component of downdrafts, and y component 896 

of downdrafts, respectively.  897 

Figure 13. Linear-shear forcing (black line, 10-11kg m-4s-2), nonlinear-shear forcing (blue line, 10-898 
11kg m-4s-2), stratification forcing (green line, 10-11kg m-4s-2), divergence forcing (red line, 10-11kg 899 

m-4s-2), buoyancy forcing (yellow line, 10-11kg m-4s-2), and the Laplacian of CIPG (black line with 900 

asterisk markers) over (a) x component of updrafts, (b) y component of updrafts, (c) x component 901 

of downdrafts, and (d) y component of downdrafts for MC3E-0523.  Please refer to Figs. S8 and 902 

S9 for the results of all different grid spacings. 903 

  904 

Figure 14. Same as Figure 13, except for MC3E-0520.  Please refer to Figs. S10 and S11 for the 905 

results of all different grid spacings. 906 

Figure 15. Vertical profiles of Pearson correlation coefficient (CC), adjusted coefficient of 907 

determination ( ), and linear regression slope between CIPG and the product of mass flux 908 

and the vertical mean wind shear for (a) x component of updrafts, (b) y component of updrafts, 909 

(c) x component of downdrafts, and (d) y component of downdrafts from MC3E-0523. The 910 

hollow dots indicate where CC, , and linear regression slope are statistically insignificant. 911 

Figure 16. Vertical profiles of  for product of mass flux and vertical perturbation wind shear 912 

(left column), the combination of product of mass flux and vertical mean wind shear as well as 913 

product of mass flux and vertical perturbation wind shear (middle column) as predictor variables 914 

with CIPG as response variable. The difference in  between the middle columns in Figures 15 915 

and 16 is also shown in the right column for (a) x component of updrafts, (b) y component of 916 

updrafts, (c) x component of downdrafts, and (d) y component of downdrafts from MC3E-0523. 917 

The hollow dots indicate where coefficients of determination are statistically insignificant. 918 

 919 

Figure 17. Vertical profiles of the scale dependency of the x component of updraft vertical 920 

momentum flux (kg m-1 s-2) from CRM, the one-updraft approach, and the three-updraft approach 921 

for MC3E-0523. Please refer to Figs. S14 and S15 for the results of x, y components of updraft, 922 

downdraft, environment and total vertical momentum fluxes. 923 

 924 

  925 
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Table 1 The minimum, maximum, and average x component of updraft slopes (xU), y component 926 

of updraft slopes (yU), x component of downdraft slopes (xD), and y component of downdraft 927 

slopes (yD) between 1 km and 12 km heights for selected grid spacings from (a) MC3E-0523 and 928 

(b) MC3E-0520. For the results of all different grid spacings, please refer to Table S1. 929 

 (a) MC3E-0523 930 

 931 

(b) MC3E-0520 932 

 933 

  934 

 xU yU xD yD 
dx min max avg min max avg min max avg min max avg 
8 -0.5 -0.22 -0.34 -0.48 -0.27 -0.38 -0.55 -0.16 -0.45 -0.67 -0.14 -0.49 

128 -0.47 -0.07 -0.33 -0.62 -0.05 -0.32 -1.04 -0.07 -0.45 -0.9 -0.22 -0.51 

 xU yU xD yD 
dx min max avg min max avg min max avg min max avg 
8 -0.38 -0.17 -0.26 -0.54 -0.13 -0.39 -0.68 -0.28 -0.51 -0.63 -0.3 -0.48 

128 -0.36 -0.12 -0.22 -0.86 0.25 -0.45 -0.48 -0.05 -0.32 -0.78 0.28 -0.23 
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Table 2. The mean of average x component of updraft slopes (xU), y component of updraft slopes 935 

(yU), x component of downdraft slopes (xD), and y component of downdraft slopes (yD) from 936 

Table S1 for MC3E-0523 and MC3E-0520. 937 

 xU yU xD yD 
MC3E-0523 -0.35 -0.39 -0.47 -0.50 
MC3E-0520 -0.27 -0.41 -0.42 -0.47 

 938 

 939 

  940 
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 941 

Figure 1. Time-height cross sections of grid-mean (a) x component winds ( ,	m-1 s-1) and (b) y 942 

component winds ( ̅ ,	m-1 s-1) averaged over the ensemble domains at dx = 8 km and dx = 128 km 943 

for MC3E-0523. Time period is from 1930 UTC 23 May to 0130 UTC 24 May.  Please refer to 944 

Fig. S1 (Supporting Information) for the results of all different grid spacings. 945 

  946 



46 
 

 947 
 948 

Figure 2. Same as Figure 1, except from MC3E-0520. Time period is from 1300 UTC 20 May to 949 

1700 UTC 20 May.  Please refer to Fig. S2 (Supporting Information) for the results of all different 950 

grid spacings. 951 

  952 
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 953 

Figure 3 Snapshots of the grid-mean y component winds (m-1 s-1) at 6.0 km altitude at 1400 UTC 954 

20 May for (a) dx = 8 km and (b) dx = 128 km for MC3E-0520. (c) shows the snapshot of updraft 955 

points (red) and downdraft points (blue) at the same height and time from the CRM simulation 956 

with 1-km grid-spacing.  957 

  958 
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 959 

Figure 4. Time-height cross sections of ensemble mean mass flux (kg m-2 s-1) in (a) convective 960 

updrafts and (b) downdrafts for dx = 8 km and dx = 128 km from MC3E-0523. Time period is 961 

from 1930 UTC 23 May to 0130 UTC 24 May.  Please refer to Fig. S3 for the results of all different 962 

grid spacings. 963 

 964 

  965 
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 966 

 967 
Figure 5. Time-height cross sections of the x component of ensemble mean vertical momentum 968 

flux (kg m-1 s-2) in (a) convective updrafts and (b) downdrafts for dx = 8 km and dx = 128 km from 969 

MC3E-0523. Time period is from 1930 UTC 23 May to 0130 UTC 24 May.  Please refer to Fig. 970 

S4 for the results of all different grid spacings. 971 

  972 
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 973 

 974 
Figure 6. Same as Figure 5, except for y component of ensemble mean vertical momentum flux 975 

(kg m-1 s-2). Please refer to Fig. S5 for the results of all different grid spacings. 976 

  977 
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 978 
Figure 7. Vertical profiles of the ensemble mean of the convective momentum fluxes and grid-979 

mean vertical wind shear for (a) MCE3-0523 and (b) MC3E-0520. The red, blue, and black solid 980 

lines denote updraft, downdrafts, and total convective momentum fluxes, respectively, with the 981 

scale shown at the bottom of each frame. The green-dotted line is for grid-mean vertical wind shear 982 

with the scale shown at the top of each frame. The left two frames are x component, and the right 983 

two frames are y component at dx = 8 km and 128 km.  984 

  985 
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 986 

Figure 8. The horizontal cross section of the x component of updraft convective momentum flux 987 

(kg m-1 s-2) (a, c, and e) and updraft pressure gradient force (m s-2) (b, d, and f) for dx = 128 km 988 

(the first row) and dx = 8 km (the second and third rows) at 4.5 km altitudes at 1400 UTC 20 May. 989 

(e) and (f) are the closer look of black box in (c) and (d), respectively.  990 

  991 
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 992 

Figure 9. Same as Figure 8, except for x component at 9 km altitude.  993 

  994 
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 995 

 996 

Figure 10. Same as Figure 8, except for y component at 4.5 km altitude.  997 

 998 

  999 
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 1000 

Figure 11. Same as Figure 8, except for y component at 7.5 km altitude.  1001 

  1002 
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 1003 
 1004 

Figure 12. Vertical profiles of scale dependency of (a) apparent momentum source (m s-1 day-1), 1005 

(b) CIPG (m s-1 day-1), (c) vertical advection by the compensating subsidence (m s-1 day-1), and (d) 1006 

horizontal momentum detrainment (m s-1 day-1) for MC3E-0523. The panels from left to right are 1007 

x component of updrafts, y component of updrafts, x component of downdrafts, and y component 1008 

of downdrafts, respectively.  1009 

 1010 

 1011 

 1012 

 1013 

 1014 
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 1015 
 1016 

Figure 13. Linear-shear forcing (black line, 10-11kg m-4s-2), nonlinear-shear forcing (blue line, 10-1017 
11kg m-4s-2), stratification forcing (green line, 10-11kg m-4s-2), divergence forcing (red line, 10-11kg 1018 

m-4s-2), buoyancy forcing (yellow line, 10-11kg m-4s-2), and the Laplacian of CIPG (black line with 1019 

asterisk markers) over (a) x component of updrafts, (b) y component of updrafts, (c) x component 1020 

of downdrafts, and (d) y component of downdrafts for MC3E-0523.  Please refer to Figs. S8 and 1021 

S9 for the results of all different grid spacings. 1022 

  1023 
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 1024 

Figure 14. Same as Figure 13, except for MC3E-0520.  Please refer to Figs. S10 and S11 for the 1025 

results of all different grid spacings. 1026 

  1027 
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 1028 
 1029 

Figure 15. Vertical profiles of Pearson correlation coefficient (CC), adjusted coefficient of 1030 

determination ( ), and linear regression slope between CIPG and the product of mass flux and 1031 

the vertical mean wind shear for (a) x component of updrafts, (b) y component of updrafts, (c) x 1032 

component of downdrafts, and (d) y component of downdrafts from MC3E-0523. The hollow dots 1033 

indicate where CC, , and linear regression slope are statistically insignificant.  1034 
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 1035 

Figure 16. Vertical profiles of  for product of mass flux and vertical perturbation wind shear 1036 

(left column), the combination of product of mass flux and vertical mean wind shear as well as 1037 

product of mass flux and vertical perturbation wind shear (middle column) as predictor variables 1038 

with CIPG as response variable. The difference in  between the middle columns in Figures 15 1039 

and 16 is also shown in the right column for (a) x component of updrafts, (b) y component of 1040 

updrafts, (c) x component of downdrafts, and (d) y component of downdrafts from MC3E-0523. 1041 

The hollow dots indicate where coefficients of determination are statistically insignificant. 1042 
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 1043 
 1044 

Figure 17. Vertical profiles of the scale dependency of the x component of updraft vertical 1045 

momentum flux (kg m-1 s-2) from CRM, the one-updraft approach, and the three-updraft approach 1046 

for MC3E-0523. Please refer to Figs. S14 and S15 for the results of x, y components of updraft, 1047 

downdraft, environment and total vertical momentum fluxes. 1048 
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 1050 
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